Olfactory ensheathing cells (OECs) support the regeneration of olfactory sensory neurons throughout life, however it remains unclear how OECs respond to a major injury. We have examined the proliferation and migration of OECs following unilateral bulbectomy in postnatal mice. S100ß-DsRed and OMP-ZsGreen transgenic mice were used to visualise OECs and olfactory neurons, respectively, and we used the thymidine analogue ethynyl deoxyuridine (EdU) to identify cells that were proliferating at the time of administration.
Abstract
Olfactory ensheathing cells (OECs) support the regeneration of olfactory sensory neurons throughout life, however it remains unclear how OECs respond to a major injury. We have examined the proliferation and migration of OECs following unilateral bulbectomy in postnatal mice. S100ß-DsRed and OMP-ZsGreen transgenic mice were used to visualise
OECs and olfactory neurons, respectively, and we used the thymidine analogue ethynyl deoxyuridine (EdU) to identify cells that were proliferating at the time of administration.
Following unilateral bulbectomy, there was an initial phase of OEC proliferation throughout the olfactory pathway with a peak of proliferation occurring 2-7 days after the injury. A second phase of proliferation also occurred in which precursors localised within the olfactory mucosa divided to replenish the OEC population. We then tracked the positions of OECs that had proliferated and found that there was a progressive increase in OECs in the cavity for at least 12-16 days after injury which could not be accounted for solely by local proliferation of OECs within the cavity. These results suggest that OECs migrated from the peripheral olfactory nerve to populate the mass of cells that filled cavity left by bulbectomy. Our results demonstrate that following injury to the olfactory nervous system, the OEC population is replenished by migration of cells that arise from both local proliferation of OECs throughout the olfactory nerve pathway as well as from precursor cells in the olfactory mucosa.
INTRODUCTION
The olfactory system has the unique ability of continuously replacing olfactory receptor neurons that are lost by normal turnover and by injury (Farbman and Squinto 1985; Graziadei and Graziadei 1979b; Mackay-Sim and Kittel 1991a; Mackay-Sim and Kittel 1991b) . The growth and regeneration of olfactory sensory axons is partly attributable to the specialised glial cells of the olfactory system, the olfactory ensheathing cells (OECs) that form the fascicles through which the axons grow from the peripheral nervous system in to the central nervous system (Boyd et al. 2005; Chuah and Au 1991; Doucette 1984) .
The role of OECs in the regeneration of the olfactory nerve has led to their application in spinal cord injury repair (Feron et al. 2005; Li et al. 2003; Li et al. 1997; Lu et al. 2001; Mackay-Sim et al. 2008; Ramon-Cueto and Nieto-Sampedro 1994; Ramon-Cueto et al. 1998 ). Several studies have now shown that OECs transplanted into the injured spinal cord have proliferated and migrated throughout the injury site (Boruch et al. 2001; Deng et al. 2006; Gorrie et al. 2010; Ramon-Cueto and Nieto-Sampedro 1994; Resnick et al. 2003) but there are experimental variations in neuro-regeneration. Functional outcomes may be improved in future by a better understanding of the response of OECs to injury. The goal of this study is to determine the OEC response to injury in its normal cellular milieu, as glial cells of the olfactory nerve. Following injury that causes death of primary olfactory neurons, stem cells generate new neurons that replenish the olfactory epithelium (Graziadei and Graziadei 1979a; Graziadei et al. 1978; Iwai et al. 2008; Jang et al. 2003; Leung et al. 2007 ).
In contrast little is known about how OECs respond after injury to the olfactory nerve. By better understanding the proliferative and migratory responses of OECs within the olfactory system, it may be possible to improve the use of OECs in neural regeneration therapies.
Chemical destruction of the olfactory epithelium or transection of the olfactory nerve leads to loss of the olfactory sensory neurons but has minimal effects on proliferation of OECs (Li et al. 2005; Williams et al. 2004 ) and low or negligible levels on OEC migration (Chuah et al. 1995; Li et al. 2005; Williams et al. 2004 ). Neither of these injuries causes significant loss of OECs, whereas removal of the olfactory bulb simultaneously removes a large proportion of
OECs and leads to widespread loss of olfactory sensory neurons. After unilateral bulbectomy there is a large influx of OECs into the cavity left by the bulbectomy (Chehrehasa et al. 2008; Chehrehasa et al. 2010 ) but the location of the source of these OECs is not known. Do they arise from local proliferation? Do they migrate from more peripheral sources in the lamina propria? Do they arise from proliferation of precursor cells in the olfactory epithelium? To answer these questions we investigated the proliferation and migration of OECs within the nasal cavity and skull base following unilateral bulbectomy in postnatal pups. We found that bulbectomy stimulated an early transient proliferation throughout the olfactory nerve driving migration of OECs into the skull base cavity for up to 16 days. Additionally, we found evidence for a delayed generation of new OECs from a non-OEC cell population such as the basal stem cells of the olfactory epithelium (Leung et al. 2007; Mackay-Sim and Kittel 1991a) .
MATERIALS AND METHODS

Animals
We used animals of two transgenic mouse lines: OMP-ZsGreen mice, expressing ZsGreen in primary olfactory sensory neurons (Ekberg et al. 2011; Windus et al. 2010 ) and S100ß-DsRed mice, expressing DsRed in OECs (Windus et al. 2007 ). For some experiments, the two lines were crossed. All procedures were carried out with the approval of the Griffith University Animal Ethics Committee under the guidelines of the National Health and Medical Research Council of Australia and the Australian Commonwealth Office of the Gene Technology Regulator.
Surgical ablation of olfactory bulb (bulbectomy)
The olfactory bulb was removed unilaterally at postnatal day (P) 4.5 as described previously (Chehrehasa et al. 2005) . Three animals in each treatment group at each time point were used.
EdU administration
Animals that had undergone bulbectomy treatment, as well as unoperated control animals, were examined at different times after treatment (2, 5, 7, 10, 14 days) . To determine cell proliferation at each time point, the animals were given intraperitoneal injections of EdU (5-ethyl-2'-deoxyuridine, Invitrogen USA, 50 mg/kg body weight in phosphate buffered saline (PBS) (pH 7.35) and sacrificed 4 h later. The second group of animals received a single EdU injection at 5 days after bulbectomy and harvested at 0, 3, 7, and 11 days after EdU injection.
Tissue fixation and preparation
Mice were killed by cervical dislocation and the heads fixed by immersion in 4%
paraformaldehyde in PBS at room temp for 2-4 h depending on age.Heads from animals older than P10 were decalcified in 20% disodium ethylene diaminetetraacetic acid (EDTA) in PBS.
The heads were then placed in an embedding matrix (O.C.T. compound, Miles Scientific, Naperville, IL) and snap frozen in iso-pentane cooled with liquid nitrogen. Cryostat sections (30 µm) were cut, mounted on to slides and stored at -20 o C before processing for EdU chemistry and immunohistochemistry.
EdU chemistry
EdU labelling was visualised using the Click-iT™ EdU Cell Proliferation Assay Kit (Cat# C35002, Invitrogen).
Immunohistochemistry
Immunohistochemistry was performed as previously described (Chehrehasa et al. 2008 ).
Antibodies used were polyclonal rabbit anti-S100 
RESULTS
Removal of the olfactory bulb induced proliferation of OECs
To determine whether the proliferation and migration of OECs can be stimulated by a major injury in which the OEC population within the central nervous system (central OECs) is directly perturbed, we performed unilateral bulbectomy in postnatal mice. Unilateral ablation of an olfactory bulb ("bulbectomy") removes the central nervous tissue, the entire olfactory nerve fibre layer surrounding it, and the olfactory nerve bundles at the skull base at the cribriform plate, leaving a cavity (Fig. 1A ). The contralateral olfactory bulb is relatively unaffected (Fig. 1A ). Postnatal animals were chosen in preference to adults as the regeneration of olfactory neurons is more rapid and uniform (Chehrehasa et al. 2010; Hendricks et al. 1994) . To easily visualise OECs and olfactory sensory axons we used Within two days OECs and sensory axons had commenced infiltrating the injury site and formed a plexus in the ventral region of the cavity (Fig. 1D ).
To determine whether OECs proliferated in response to the bulbectomy, proliferating cells were labelled by uptake of EdU at Days 2-14 after bulbectomy. We administered EdU at Days 2-14 after bulbectomy and sacrificed the animals 4 h after injection to provide a snapshot of the cells that were proliferating at each time point and to determine their location within the olfactory nerve. At Day 2, numerous cell types were positive for EdU in the olfactory mucosa, nasal septum, cartilage and in the skull base cavity (Fig. 1A ) which confirmed that uptake of EdU was successful in all regions. In S100ß-DsRed transgenic mice, OECs are easily identified by their expression of DsRed, their morphology and their association with axons (see Fig. 1 -2). Based on these characteristics, numerous OECs were clearly labelled by EdU in the lamina propria underlying the olfactory epithelium (arrow, Using the three markers of OECs (S100ß, BLBP, DsRed) as well as morphology we confirmed that OECs that had proliferated at the time of EdU exposure were present in (1) the lamina propria underlying the olfactory epithelium along the nasal septum, (2) the large olfactory nerve bundles projecting through the cribriform plate at the skull base and (3) 
OECs proliferated throughout the olfactory nerve
To determine the proportion of OECs that had proliferated we examined OECs in the three regions of the olfactory nerve: (1) the lamina propria (Fig. 3A) , (2) the cribriform plate ( Fig.   4A ), and (3) the nerve plexus formed within the skull base cavity, and the nerve fibre layer of the contralateral olfactory bulb or unoperated control animals (Fig. 5A ). After bulbectomy numerous EdU-positive OECs were present in all three regions at all periods examined. On the contralateral, unoperated side, there were fewer EdU-labelled OECs and in unoperated animals even fewer EdU-labelled OECs were seen (Figs. 3-5 ).
In the lamina propria ipsilateral to the bulbectomy, OECs underwent considerable proliferation (Fig. 3A) , with significantly more EdU-labelled OECs compared to unoperated controls at Day 2-10 ( Fig. 6A , two-way ANOVA p<0.0001 for differences between treatments; p<0.05 post hoc test for individual comparisons). The peak of proliferation occurred at Day 5-7 with EdU-labelled OECs comprising 10-11.5% of the total population.
OECs also proliferated in the lamina propria contralateral to the bulbectomy with 5-7% of
OECs being EdU-positive (Fig. 6A ). In contrast, there were many fewer EdU-labelled OECs in control, unoperated animals (1-2% at Day 5-7, Fig. 6A ). By Day 14, the proliferation of OECs in bulbectomised animals was similar to unoperated controls and was less than 2%. In the region close to the cribriform plate ipsilateral to the bulbectomy, there was increased OEC proliferation ( Fig. 4A ) reaching a peak at Day 5 and with significantly more EdUlabelled OECs compared to the unoperated side and in control animals ( Fig. 6B , two-way ANOVA p<0.0001 for differences between treatments; p<0.05 post hoc test for individual comparisons).
In the cavity left by bulbectomy, OEC proliferation was already at a peak at Day 2 and remained high at Day 5, then was reduced at Day 7 and Day 10 ( Fig. 5A-C These results demonstrate that OECs proliferated in all regions of the olfactory nerve with high levels of proliferation occurring for 2-7 days after bulbectomy.
Migration of OECs after bulbectomy
Although maximal OEC proliferation within the bulbar cavity occurred at Day 2-5 after bulbectomy, the skull base cavity continued to fill with OECs for at least 14 d (Fig. 7A-C ).
With low rates of OEC proliferation during the later period (Fig. 6C ) the increase in OECs in the skull base cavity must be due in part to migration of OECs from more peripheral regions of the olfactory nerve. To follow this migration we "birth-dated" OECs with EdU at Day 5, the maximal period of proliferation in the lamina propria and cribriform plate regions, and looked for EdU-labelled OECs in the different regions over the next 11 days. In all regions there was a delayed and significant increase in the numbers of labelled OECs at 7d (lamina propria, cribriform plates) or 11d (skull base cavity) after birth-dating ( Fig. 7D-F , two-way ANOVA p<0.001 for differences between treatments; p<0.01 post hoc test for individual comparisons). At these periods after bulbectomy (Day 12 and Day 16) the levels of OEC proliferation were very low in these regions in the snap-shot EdU labelling ( Fig. 6) indicating that the increased numbers of EdU-labelled OECs were not due to additional cycles of proliferation. At Day 12 (seven days after EdU injection) there was a significantly greater percentage of EdU-positive OECs in the lamina propria (p<0.01, Fig. 7D ) and cribriform plate (p<0.01, Fig. 7E ) in comparison to Day 5 (day of EdU injection) with 14-15% of OECs being EdU-positive. Thereafter, the proportion of EdU-positive OECs decreased. In the skull base cavity there was a significant increase at Day 16 (11 days after EdU injection) with just over 14% of OECs being EdU-positive (Fig. 7F ). For comparison, in the snap-shot labelling only 1% of OECs were proliferating in this region at this time (Fig. 6C) OECs may have arisen, de novo, from stem cell populations within the olfactory mucosa, for example, basal cells of the olfactory epithelium (Leung et al. 2007; Mackay-Sim and Kittel 1991a) . We therefore examined the occurrence of EdU-labelled cells and OECs in the olfactory mucosa. At Day 5 after bulbectomy, there were numerous EdU-labelled basal cells in the olfactory epithelium ( Fig 8A) and by Day 8 after bulbectomy most of the EdU-labelled cells were now located in the neuronal layer of the epithelium (arrowhead, Fig. 8F, I ). Over the same period, the numbers of EdU-positive OECs in the lamina propria increased (arrows, Fig. 8B , E, H). At Day 12 (7 d after EdU labelling) the proportion of EdU-positive cells in the lamina propria was 14%, significantly greater than on the unoperated side (4%, Fig 7D) and much higher than the proportion of OECs proliferating in the lamina propria at this time (Fig,   6A ). Thus these results indicate that the increase in EdU-labelled OECs in the lamina propria coincided with the movement of EdU-labelled cells out of the basal layer of the olfactory epithelium.
DISCUSSION
In the present study we show that OECs proliferate and migrate along the olfactory pathway after unilateral removal of the olfactory bulb. Bulbectomy stimulated OEC proliferation close to the site of lesion within the skull base cavity, and distally within the lamina propria. This transient stimulation was maximal at 2d in the skull base and at 5d more distally, with OEC proliferation reducing to control levels at 14d. Birth-dating of OECs proliferating at Day 5 demonstrated significant migration of newly formed OECs into the skull base cavity.
When unilateral bulbectomy was performed, all cells within the olfactory bulb including the
OECs within the nerve fibre layer were ablated. Within two days after the surgery OECs had proliferated in all regions of the olfactory nerve including within the bulbar cavity where
OECs had already infiltrated from the remnant of the olfactory nerve. The early infiltration of OECs into the cavity was consistent with our previous findings where we have shown that a plexus of OECs and axons forms in the cavity (Chehrehasa et al. 2010 ). The elevated levels of proliferation in our bulbectomy model demonstrate that the OEC population can dynamically respond to an injury. In other models of regeneration in which primary olfactory axons have been destroyed but the OEC population has not been directly ablated, there have been negligible levels of proliferation of OECs (Chuah et al. 1995; Li et al. 2005; Williams et al. 2004 ). In adult rats, zinc sulphate irrigation of the nasal cavity has been used to destroy the olfactory epithelium resulting in the death of primary olfactory neurons and their axons that project to the olfactory bulb. However, the OECs along the olfactory nerve that encase the axon fascicles were not directly affected by the destruction of the olfactory epithelium and proliferation of OECs was not detected (Williams et al. 2004) . Similarly, in an olfactory nerve transection model in adult rats, there was reported to be no proliferation of OECs following the loss of the olfactory axons (Li et al. 2005) . Instead, it was proposed that the OECs provide continuous stable open channels through which the regenerating axons extend.
While we used neonatal mice in our model of regeneration whereas the other models used adult rats, our results clearly show that OECs are able to proliferate under certain conditions. This suggests that the source of the signal that stimulates the proliferation of OECs is not originating from the dying sensory neurons as OEC proliferation in all models would have been detected. The removal of the olfactory bulb created considerable space into which cells could infiltrate and which could have been a stimulus for the proliferation. If the availability of space was the only stimulus necessary then it would have been expected that OECs would have proliferated only in the cribriform plate region which is in close proximity to the cavity.
However, OECs within the more distal lamina propria strongly responded suggesting that a more generalised mechanism throughout the olfactory nerve must be operating to stimulate the proliferation in all regions. Interestingly, there was a small stimulation of OEC proliferation on the unoperated contralateral side. While great care was taken during the surgery, it is possible that the contralateral bulb was damaged. Alternatively, there may have been a generalised mechanism such as an inflammatory response or humoral signals throughout the olfactory nerve that stimulated proliferation.
After the initial phase of proliferation, the cavity continued to be filled by OECs over the next 2-3 weeks. However, the percentage of OECs that had proliferated within the cavity in the later stages was very low, which suggested that OECs had proliferated in other regions and then migrated into the bulbar cavity (Fig. 9) . The EdU birth-dating experiment revealed that a second peak of EdU-labelled OECs appeared at Day 12 after bulbectomy. Then four days later, a peak of EdU-labelled OECs appeared in the bulbectomised cavity and thus we conclude that OECs migrated from the lamina propria into the cavity. The migration of the OECs towards the olfactory bulb in our model is similar to that reported previously in onemonth old mice that had been subjected to zinc sulphate destruction of the olfactory epithelium (Chuah et al. 1995) . In those mice, OECs migrated towards the olfactory bulb in the seven-day period after treatment even though the OEC population was not directly affected. However, in adult rats others have reported that there was minimal or negligible migration of OECs following zinc sulphate irrigation (Williams et al. 2004) or olfactory nerve transection (Li et al. 2005) . Nevertheless in our bulbectomy model it is clear that numerous OECs migrated into the cavity to form the plexus and thus the ability of OECs to migrate within the olfactory system may depend on the age of the animal and conditions of the injury. In spinal cord injury repair models, transplanted OECs have been shown to migrate extensively within the injury site and along the spinal cord (Deng et al. 2006; Lankford et al. 2008) . When considered in conjunction with our results, it is therefore likely that the migratory properties of OECs are strongly dependent on the local microenvironment in which the OECs are located.
The source of the second peak of OECs is likely to be precursor cells that did not express OEC markers at Day 5 when the EdU was applied. Following loss of the neurons within the olfactory epithelium, the stem cells within the basal layer proliferated to give rise to new neurons that migrated apically to repopulate the olfactory epithelium, consistent with previous findings (Iwai et al. 2008; Jang et al. 2003; Leung et al. 2007 ). Without having lineage tracing of the OECs it is not possible to be certain of the origin of the later appearing OECs, however the timing of the appearance of the later appearing OECs coincided with the reduction in EdU-labelled cells in the basal layer of the olfactory mucosa. It is also possible that the later appearing OECs arose from sources elsewhere within the olfactory nerve, for example OECs could have migrated to the lamina propria from other regions of the nerve.
We consider that this is unlikely as we could not identify any source of EdU-labelled cells in other regions of the olfactory nerve that showed similar timing to the appearance of the later appearing OECs. Thus our results suggest that the later appearing OECs came from a source within the olfactory mucosa (Fig. 9 ). It has recently been shown that OEC precursors arise from the neural crest and migrate to the olfactory region where they then proliferate to populate the olfactory nerve (Barraud et al. 2010) . It remains unknown how long the neural crest derived OEC precursors persist within the olfactory nerve, but our results now show that at least in neonatal animals OECs can be repopulated from local proliferation of OECs throughout the olfactory pathway as well as from precursor cells in the olfactory mucosa. OECs that had proliferated were detected in the olfactory mucosa and olfactory bulb. Coronal sections through the olfactory mucosa (A-E) and through the bulbar cavity (F-J) five days after bulbectomy showing DsRed positive OECs (red), EdU labelling (yellow), anti-BLBP immunostaining (magenta in C), anti-S100 immunostaining (magenta in H) and DAPI (blue). OECs that had proliferated and were labelled by EdU are indicated by arrows, OECs that had not proliferated are indicated by arrowheads. (K) Macrophages labelled with anti-Iba1 antibodies (green). Some macrophages expressed DsRed (arrows with tails); while others did not (arrowheads). (L) Macrophages (arrows with tails) expressed high levels of DsRed and their rounded morphology and multiple short processes made them readily identifiable. In contrast the numerous OECs diffusely expressed DsRed and had extensive membranes (arrows). NC, nasal cavity; OE, olfactory epithelium; LP, lamina propria; S, septum. Scale bar is 50 µm in A-K; 25 µm in L. 88x198mm (300 x 300 DPI) Figure 3 . OECs in the lamina propria proliferated after bulbectomy. Panels are coronal sections through the olfactory mucosa, with the nasal cavity to the top; the basal layer of the olfactory epithelium (OE) is indicated by a dashed line in A,D,G. The inset image in panel A shows the location of the images on the operated side. Triple label images with OECs (red), EdU (yellow), and DAPI (blue) are shown in A,D,G with single fluorescent labels of OECs and EdU shown in the panels to the right. EdU was administered 4 h prior to harvest. Five days after bulbectomy, numerous OECs (red) within the lamina propria (LP) were colabelled with EdU (yellow, arrows) on the operated (A-C) and contralateral unoperated sides (D-F) of unilaterally bulbectomised mice. In unoperated control animals (G-I) OECs that had proliferated were also present (arrows). A few macrophages with their distinct morphology and intense DsRed expression were scattered throughout the tissue (arrowheads in H). Scale bar is 50 µm. 172x130mm (300 x 300 DPI) Figure 5 . OECs in the olfactory bulbar cavity proliferated after bulbectomy. Panels are coronal sections through the nerve fibre layer, or equivalent region in bulbectomised mice, two days after surgery with EdU administered 4 h prior to harvest. The inset image in panel A shows the location of the images on the operated side. Triple label images with OECs (red), EdU (yellow), and DAPI (blue) are shown in A,D,G with single fluorescent labels of OECs and EdU shown in the panels to the right. (A-C) The bulbectomised cavity on the operated side, (D-F) the nerve fibre layer on the contralateral unoperated side of the same animal, (G-I) the nerve fibre layer of unoperated control animals. OECs (red) that were co-labelled with EdU (yellow) are indicated by arrows. Scale bar is 50 µm. 173x129mm (300 x 300 DPI)
